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SYNOPSIS 


Theoretical  and  experimental  investigations  of  the  microwave 
properties  of  ferrites  at  magnetic  fields  above  ferromagnetic  reso¬ 
nance  are  described.  The  program  goal  is  the  development  of  high 
power  reciprocal  phase  shifters  for  X-band  and  C-band  operation. 

The  principal  experimental  objective  is  to  demonstrate  that  ferro¬ 
magnetic  losses  do  not  increase  with  the  application  of  high  RF  power 
as  typically  observed  for  operations  at  magnetic  fields  below  reso¬ 
nance.  Insertion  losses  are  given  as  a  function  of  magnetic  field 
strength  for  samples  of  nickel-zinc  ferrite,  manganese-magnesium 
ferrite  and  yttrium-iron  garnet  in  a  longitudinally  magnetized  rod 
configuration.  A  second  absorption  peak  on  the  high  side  of  resonance 
was  observed  and  is  identified  as  a  body  resonance.  The  data 
demonstrates  that,  at  a  fixed  frequency,  the  second  peak  moves 
toward  the  ferromagnetic  resonance  peak  as  the  cross  sectional 
dimensions  are  reduced. 

Insert!^  loss  and  phase  shift  characteristics  for  oriented  uni¬ 
axial  ferrites  are  given.  The  material  investigated  was  Ni  ^Zn  -Co 
a  ferrite  having  a  hexagonal  crystal  structure.  It  was  established  that 
uniaxial  ferrites  would  not  be  suitable  for  the  subject  application  because 
of  poor  figures  of  merit.  Theoretical  computations  showed  that  the 
governing  material  characteristic  that  leads  to  a  poor  figure  of  merit 
is  a  large  linewidth.  The  W-type,  polycrystalline  ferrite  typically  has 
a  linewidth  of  2000  oersteds,  which  is  an  order  of  magnitude  larger  than 
that  of  nickel-zinc  ferrite  (a  cubic  crystal  structure). 

A  derivation  of  the  complex  susceptibility  for  ferromagnetic 
materials  and  a  set  of  generalized  curves  for  rod  geometries  with 
longitudinal  magnetic  fields  are  given  in  the  Appendix. 
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1.  INTRODUCTION 

This  program  is  a  design  study  to  develop  reciprocal  ferrite 
phase  shifters  for  both  C-  and  X-bands  with  the  capability  of  handling 
a  peak  power  of  iOO  kilowatts  and  an  average  power  of  1  kilowatt  at 
less  than  a  1  db  loss.  A  total  phase  shift  of  360°  in  10  microseconds 
with  an  expenditure  of  less  than  150  micro  joules  for  switching  is 
desirable.  In  order  to  achieve  these  goals  three  major  problems 
must  be  overcome: 

(1)  Elimination  of  nonlinear  losses  due  to  high  peak  power 

(2)  Control  of  temperature  at  high  average  power 

(3)  Design  of  biasing  fields  for  microsecond  switching. 

The  contractor's  proposed  approach  to  these  problems  is  summarized 
as  follows: 

(1)  The  increased  RF  losses  in  ferrites  as  a  function  of 
increased  power  are  observed  by  the  appearance  of  a  subsidiary 
resonance  peak  below  the  main  resonance  and  by  the  broadening  of 
the  main  resonance  absorption  line.  The  subsidiary  resonance  may 
be  avoided  by  operating  the  ferrite  at  magnetic  fields  above  the  main 
resonance.  By  operating  still  farther  above  resonance,  one  can 
decrease  the  additional  losses  incurred  by  broadening  of  the  main 
resonance  line. 

(2)  The  temperature  control  at  high  average  power  operation 
will  be  obtained  by  the  circulation  of  a  low  loss  liquid  coolant  (Freon  113 
for  example)  through  the  phase  shifter  and  an  external  heat  exchanger. 
This  technique  has  been  used  successfully  by  the  contractor  for  tempera 
ture  control  of  a  UHF  Y-circulator  operating  at  2  kilowatts  average 
power. 

(3)  In  the  more  conventional  phase  shifters,  which  use  a 

ferrite  in  metallic  waveguide  and  axial  magnetic  fields,  the  switching 

speed  is  retarded  by  the  shorted  turn  currents  in  the  waveguide  walls. 

The  contractor  has  proposed  to  eliminate  the  shorted  turn  effect  by 

substituting  a  dielectric  rod  waveguide  ,  consisting  of  the  ferrite 
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itsell,  for  that  part  ot  the  metallic  wav'eguide  within  the  solenoid. 
Because  of  the  large  dielectric  constant  of  the  ferrite  (10  to  16),  a 
dielectric  rod  transmission  line  which  confines  m^re  than  90%  of  the 
transmitted  energy  in  the  rod  can  be  achieved  with  a  diameter  smaller 
than  the  narrow  dimension  of  a  standard  waveguide.  It  has  been 
recognized  that  a  fundamental  objection  to  the  HE,  mode  in  dielectric 
rod  transmission  is  that  rotation  of  the  plane  of  polarization  *8  per¬ 
mitted.  This  is  in  direct  conflict  with  conventional  applications  which 
use  fixed  polarization,  rectangular  waveguide.  In  order  to  eliminate 
rotation,  the  proposed  design  employs  an  image  plane  dielectric  trans¬ 
mission  line  with  a  half  round  dielectric  rod  on  a  conducting  ground 
plane  rather  than  the  full  round  dielectric  rod. 

The  contractor  is  not  limiting  his  attention  to  this  configuration, 
however,  since  other  solutions  to  the  shorted  turn  effect  have  been 
found  to  be  satisfactory.  The  primary  goal  is  to  demonstrate  the 
absence  of  the  nonlinear  losses  at  high  peak  power  operation. 
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IL  FERRITE  MATERIALS 

Ferrite  characteristics  involve  a  number  of  parc  meters  which 
are  interrelated  by  the  material  chemistry,  fabric  tion  techniques,  and 
component  configuration.  The  equations  which  follow  describe  the 
relationship  of  the  principal  characteristics  in  the  phase  shifter  appli¬ 
cation,  It  is  important  to  recognize  the  several  possibilities  for  trade¬ 
off  of  values  among  the  various  parameters. 

The  frequency,  f^,  at  ferromagnetic  resonance  is  given  by 


yh 


eff' 


(1) 


where 


f  =  ferromagnetic  resonance 
frequency  in  megacycles 

V  -  gyromagnetic  ratio,  approximately  2,8  megacycles 
per  oersted 

H  =  effective  internal  magnetic  field  in  oersteds, 
eff 


where 


where 


H 


eff 


H  +  EttM  +  H  , 
o  s  a 


(2) 


=  externally  applied  magnetic  field 

2?rM  =  demagnetizing  field  of  an  axially  magnetized  rod,  and 
$ 

-  anisotropy  field  which  will  be  parallel  to  H  . 

On  Combining  these  equations,  one  may  arrive  at  an  expression  for 
the  externally  applied  field  at  resonance 


f 

H  =  —  -  2TrM  -  H  .  (3) 

o  y  s  a 

The  proposed  high  power  phase  shifter  require:,  a  still  greater  magnetic 
field  to  reach  the  low  loss  region  above  resonance.  The  magnitude  of 
this  additional  field  cannot  be  specified  since  the  absolute  loss  of  the 
phase  shifter  depends  upon  the  total  length  of  ferrite  rod  required  for 
the  360°  phase  shift.  This,  in  turn,  is  dependent  upon  the  activity  of 
the  ferrite  in  the  region  of  the  magnetic  bias  field.  A  figure  of  merit. 
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giving  phase  shift  per  db  loss,  is  often  used  to  appraise  the  quality  of 
a  phase  shifter.  The  magnetic  bias  field  which  gives  the  best  figure  of 
merit  is  most  easily  determined  experimentally.  The  additional  mag¬ 
netic  field  above  resonance  required  to  reach  this  point,  however,  can 
be  estimated  from  the  lii.e  width  of  the  ferrite.  A  comparison  of  the 
material  characteristics  for  a  number  of  Trans-Tech's  garnets  indicates 

that  the  line  width  15  db  down  from  the  peak  (0.  0316  y"  )  is  approxi- 

max 

mately  4  times  that  at  the  -3db  point  (0.  5  x*'  ).  On  adding  the  addi- 

...  ’  ■  max  ® 

tional  field  of  4  {  -  j  )  to  Equation  3,  one  gets 

H  -  -  -  2ttM  *  H  +  2AH 
o  V  s  a 

as  an  estimate  of  the  required  external  field  for  operation  at  the  frequency  f. 
Since  H  is  to  be  supplied  by  a  permanent  magnet,  the  upper  limit  is  set 
at  1200  oersteds,  which  can  be  realized  by  using  an  Alnico-8  tubular 

magnet  6  cm  long,  3.25  cm  I.D.  and  7  cm  O.D.  With  a  magnet  12  cm 

* 

long,  the  upper  limit  is  set  at  760  oersteds. 

The  specifications  for  an  acceptable  ferrite  material  are,  therefore, 

given  by  Equation  4  where  the  frequencies  of  interest  are  9400  Me  and  5500 Me 

and  <  1200  oe  and  <  760  oe,  respectively.  In  general,  it  is  desired 

to  minimize  H  ;  thus,  y,  M  and  H  should  be  large  and  AH  should  be 
o  s  a 

small.  Additional  specifications  for  the  material  are: 


Dielectric  loss  tangent 
Dielectric  constant 
Curie  temperature 


<■  0,  001 
>  10 
>  100°C 


Furthermore,  all  of  the  characteristics  should  have  minimum  temperature 
sensitivity.  In  ferrites  having  a  <‘ubic  crystal  structure  the  anisotropy 
field,  H  ,  is  typically  small,  unoriented  and  nominally  taken  to  be  zero. 

In  ferrites  having  a  hexagonal  crystal  structure  '  the  anisotropy  fields 
are  large  and  may  be  oriented  during  the  fabrication  in  a  desired  direc¬ 
tion  within  the  sample.  The  magnitude  of  the  anisotropy  field  has  been 


Private  communication  with  Irene  Wagner,  Crucible  Steel,  Magnet 
Division,  Harrison,  N.J. 
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the  subject  of  a  number  of  investigations.  ’  and  as  a  result  it  is  readily 
predictable  on  the  basis  of  the  material  chemistry  and  fabrication  tech¬ 
niques.  The  utilization  of  hexagonal  ferrites  with  a  uniaxial  (along  the 
C  axis)  anisotropy  field  oriented  in  the  direction  of  the  applied  field  is 
especially  attractive  fcr  X-band  operation  above  ferromagnetic  resonance, 
where  th'^  requirement  for  high  internal  magnetic  fields  precludes  the  use 
of  isotropic  ferrites. 

An  important  consideration  in  high  power  applications  of  ferrites 
is  their  temperature  sensitivity.  Ideally,  the  operating  frequency 
indicated  by  a  rearrangement  of  Equation  3, 

f  =  V(H  +  H  +  ZttM  -  2AH),  (5) 

o  a  s 

should  not  change  with  temperature  variation.  In  Equation  5,  which  is 
for  an  axially -magnetized  rod  configuration,  it  ivS  seen  that  the  term 
for  the  demagnetizing  field,  ZttM  ,  is  positive.  Since  H  has  a  positive 

®  A  ^ 

temperature  coefficient  (depending  upon  doping  )  and  M  has  a  negative 
temperature  coefficient,  Equation  5  allows  us  to  predict  that  the  tem¬ 
perature  sensitivity  will  be  reduced.  The  anticipation  of  some  tem¬ 
perature  compensation  is  pointed  out  here  because  earlier  investigators 
of  oriented  ferrites  have  revealed  unfavorable  temperature  sensitivities. 
In  the  application  of  the  earlier  work,  transverse  magnetic  fields  on 
slab  geometries  were  used.  The  demagnetization  term,  in  th?i,  case, 
is  negative;  thus,  the  temperature  sensitivities  of  M  and  H  are 
additive. 


Referenced  example  is  Nickel  Cobalt  W  ferrite,  see  Ref.  3. 
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III.  EXPERIMENTAL  (FERRITES  WITH  CUBIC  CRYSTAL  STRUCTURES) 
The  proposed  design  for  a  reciprocal  phase  shifter  to  operate  at 
X*band  was  fabricated  using  a  nickel-zinc  ferrite,  Trans-Tech  TTZ-llI. 
The  material  was  chosen  foi  its  high  saturafion  moment  and  narrow  line- 
width  as  per  Equation  4.  The  pertinent  characteristics  of  TT2-111  are 
as  follows: 


Saturation  Moment,  4TrM 

5 

Linewidth,  AH 
Dielectric  Constant,  € 

r 

Dielectric  loss  tangent,  tan  6 
Curie  Temperature,  T 

c 

Effective  g 


5000  gauss 
'  135  oersteds 

-  12.5 

-  0.  001 
-  375°C 
--  2.08, 


A  cut-away  drawing  of  the  first  model  is  shown  in  Figure  1,  The  ferrite 
was  ground  to  0.395-inch  diameter  and  to  a  length  of  4  inches.  Conical 
transition  sections  of  Stycast  -15  •  15)  weic  attached  to  both  ends. 

The  vt^hole  assembly  was  placed  in  a  solenoid  which  could  provide  up  to 
1400  oersteds. 

Measurements  on  this  t^irst  configuration  gave  an  insertion  loss 
considerably  higher  than  expected  (>  10  db)  over  the  tested  range  of 
magnetic  field  from  0  to  1400  oersteds  and  frequency  from  8  to  12  Gc. 
The  input  VSWR  was,  at  some  points,  as  high  as  4:1.  The  high  VSWR 
was  attributed  to  poor  surface  wave  launching  onto  the  ferrite  rod.  In 
order  to  test  the  launching  question,  a  Stycast- i5  rod  was  made  to  the 
same  dimensions  as  the  ferrite  sample.  By  adjusting  the  position  of 
the  taper  sections  in  the  rectangular  waveguide,  a  V3WR  of  1.  1  at 
9375  Me  was  realized.  The  YSWR  over  the  frequency  band  from  8  to 
il  Gc  subsequently  was  found  to  be  less  than  1.4.  The  insertion  loss 
at  9375  Me  was  0.7  db  and  over  the  frequency  band  it  was  less  than 
2  db.  The  Stycast- 15  test  showed  that  a  low  loss  surface  wave  was 


❖ 
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achievable  with  the  proposed  twin  image  line  configuration;  it  further 
indicated  the  most  favorable  position  of  the  taper  with  respect  to  the  open 
waveguide  launchers.  The  ferrite  rod  was  tes’^ed  a  second  time  for 
launching  efficiency  after  making  a  minor  modification  to  incorporate 
the  data  gained  from  the  Stycast'15  test.  The  input  VSWR  was  satis¬ 
factory,  but  the  insertion  loss  was  still  high.  Ancther  possible  explana¬ 
tion  for  the  high  insertion  loss  w'as  a  suspected  mismatch  at  the  inter¬ 
face  between  the  Stycast-15  transitions  and  the  ferrite;  consequently, 
a  new  ferrite  rod  having  conical  tapers  w'as  ground  from  one  piece  of 
TT2-111.  A  simplification  in  the  test  setup  was  also  made  by  taking 
the  loss  measurements  with  a  whole  rod  in  a  section  of  standard  wave¬ 
guide  rather  than  in  the  configuration  shown  in  Figure  1.  The  resulting 
losses  at  9  Gc,  10  Gc,  and  11  Gc  as  a  function  of  magnetic  field  for  the 
one-piece  specimen  are  shown  in  Figure  2,  Also  shewn  is  the  'nsertion 
loss  at  11  Gc  for  the  ferrite  specimen  with  Stycast  transitions.  Note 
that  the  minimum  los.  in  the  one-piece  ferrite  is  considerably  less. 

It  appears  that  the  Stycast-ferrite  interfaces  introduce  additional  loss; 
however,  since  ferrite  characteristics  vary  between  specimens,  some 
of  this  difference  may  be  attributed  to  a  poorer  piece  of  ferrite.  This 
data  should  be  compared  to  that  concerning  the  insertion  loss  for  a 
Stycast-15  rod,  which  is  only  0.3  db  over  the  frequency  band.  The 
dissipation  factor  of  Stycast  HiK  material  is  approximately  0.  002. 

Figure  2  further  show's  that  on  the  Ii^gh  side  of  resonance  at  9  Gc. 
the  insertion  loss  remains  high.  These  results,  supported  by  ‘^^he  earlier 
measurements,  indicate  that  the  primary  source  -of  high  insertion  loss 
IS  in  the  TT2-111  ferrite.  It  should  be  pointed  out  that  the  charav,tcr- 
istics  of  TT2-11I  on  the  high  side  if  resonance  were  not  known;  but, 
assuming  a  well-behaved  resonance  characteristic,  it  was  estimated 
(Equation  4)  that  a  low*  loss  region  would  be  found  at  9.4  Gc  for  fields 
above  1120  oersteds.  A  re-examination  of  the  resonance  characteristic 
for  TT2-111  was  requested  from  Trans-Te'h.  The  results  of  this 


Ho(  X  10*)  Oer 


IG.  2-LOSS  CHARACTERISTICS  OF  TT2-III  FERRITE  ROD 
IN  RG52/U  WAVEGUIDE. 


measurement,  which  used  a  crossed  waveguide  coupler  method,  are 

given  in  Figure  3.  Stinson  has  shown  that  the  linewidth  is  given  by  the 

magnetic  field  between  the  *3  db  points  on  such  a  curve.  Note  that  a 

second  absorption  peak  appears  on  the  high  side  of  resonance  and,  as 

a  consequence,  the  magnetic  field  at  the  -15  db  point  is  830  oersteds 

above  resonance  rather  than  270  oersteds  as  estimated  on  the  basis  of 

With  this  correction.  Equation  4  enables  one  to  predict  that  the 

field  required  to  reach  the  low  loss  region  is  1690  oersteds.  Therefore, 

it  was  concluded  that  TT2-111  would  be  unsuitable  for  X-band  operation. 

It  is  speculated  that  the  double  peak  resonance  characteristic  of 

TT2-111  is  caused  by  the  unoriented  anisotropy  fields.  In  the  cubic 

ferrites  these  fields  are  on  the  order  of  100-200  oersteds.  The 

relationship  between  the  anisotropy  field  and  the  two  resonance  peaks 

has  been  indicated  by  Viehmen^  in  his  work  with  hexagonal  ferrites. 

If  it  is  assumed  that  the  magnetic  fields  at  the  first  and  second  peaks 

indicate  resonances  for  the  applied  field  parallel  (H  )  and  perpendicular 

£ 

(H„)  respectively  to  the  anisotropy  fields^  one  may  use  the  following 

H  3 

relationship  givtu  by  Rodrique  to  compute  the  anisotropy  field: 


For  TT2-111 

H 

208  oersteds, 

a 

where 

»E  ■ 

3120  oersteds. 

and 

H„  - 

3435  oersteds. 

H 

Two  schemes  for  eliminating  the  second  absorption  peak  (provided 
it  is  truly  caused  by  the  anisotropy  fields  in  the  material)  are  immediately 
obvious.  The  first  is  to  orient  the  anisotropy  field.  If  the  direction  is 
chosen  parallel  to  the  applied  field,  the  anisotropy  field  could  be  used  to 
an  advantage  in  the  phase  shifter  application.  It  is  understood  that 
orienting  the  anisotropy  fields  in  cubic  ferrites  has  been  considered 

private  communication  with  L.  R.  Hodges,  Jr.,  Sperry  Microwave 
Electronics  Company,  Clearwater,  Florida. 
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but  due  to  their  small  magnitude  the  desired  results  have  not  been 
accomplished. 

The  second  method  would  be  to  minimize  the  anisotropy  field. 

‘7 

Pippin  and  Hogan  have  shown  that  the  anisotropy  fields  can  be  reduced 
to  zero  by  making  small  additions  of  cobalt  to  nickel  ferrites.  A  sample 
of  Ni  gZ  ^Co  ferrite  was  purchased  from  Sperry  Microwave 

Electronics  Company.  The  sample  is  designated  No,  98^B  and  has 
the  following  characteristics: 

4'jtM  4490 


AH  -  200  oersteds 

tan  6  =  0.  002 

«  =  12,  5-15  (not  given) 

T  =  (not  given) 
c 

g  =  (not  given). 

The  material  has  not  been  fully  evaluated.,  but  preliminary  measurements 
show  a  disappointingly  high  loss. 

Because  of  the  unsuccessful  attempts  to  find  a  low  loss  region 
above  resonance  at  X-band  with  ferrites  having  a  cubic  crystal  struc¬ 
ture,  the  investigation  was  mov'cd  to  C-band  to  permit  the  survey  of 
cubic  ferrite  materials  having  lower  values  of  saturation  moment. 

A  problem  has  been  encountered  in  the  measurements  at  C-band 
for  which  a  solution  is  presently  being  sought  In  the  insertion  loss 
measurements  a  second  absorption  peak  above  ferromagnetic  resonance 
has  b  en  observed  and  is  believed  to  be  a  body  resonance  which  exists 
when  the  ferrite  is  large  enough  to  sustain  a  cavity-type  mode  The 
identification  of  the  second  peak  was  m^e  after  observing  that  as  the 
thickness  of  the  ferrite  was  reduced,  the  body  resonance  peak  moved 
toward  the  stationary  ferromagnetic  peak.  At  a  constant  frequency,  a 
larger  value  of  effective  permeability  is  required  to  explain  the  con¬ 
tinued  presence  of  a  resonant  peak  even  after  the  ferrite  dimensions 
have  been  reduced.  This  is  consistent  with  the  fact  that  on  the  high  side 
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of  resonance,  permeability  increases  as  the  magnetic  field  approaches 
the  ferromagnetic  resonance  value. 

The  material  survey  at  C-band  was  begun  with  TTG-113,  an 
yttrium -iron  garnet  having  the  following  characteristics: 

4'rM  1?25  gauss 
s 

AH  -  55  oersteds 

e  -  16 
r 

tan  6  -  0.00025 

T  =  280 
c 

g  =  2.01 

Due  to  the  low  saturation  moment,  ferromagnetic  resonance  was 
observed  at  a  frequency  of  5.  5  Gc  with  a  magnetic  field  strength  of 
1300  oersteds.  Since  the  present  test  setup  cannot  provide  field 
strengths  of  more  than  1800  oersteds,  the  study  of  ferromagnetic 
behavior  above  resonance  was  extended  down  to  4.  0  Gc,  where  reso¬ 
nance  occurred  at  750  oersteds.  The  loss  characteristics  as  a  function 
of  thickness  were  measured  on  a  slab  0.385  inch  wide  and  3.437  inches 
long.  Figures  4,  5,  and  6  show  this  data  for  4  Gc,  4.5  Gc,  and  5  Gc, 
respectively.  It  will  be  noted  that  the  first  resonance  peak  is  stationary, 
while  the  second  peak  moves  toward  the  first  as  the  thickness  is  reduced. 
At  5  Gc,  with  the  thicker  samples,  several  peaks  were  observed  (not 
shown  in  Figure  5)  indicating  ’  .Her  order  body  modes. 

The  desirability  of  obtaining  a  ferromagnetic  material  with  a 
narrow  linewidth  for  above-resonance  operation  was  demonstrated  in 
these  measurements  on  garnet.  If  the  body  resonance  is  disregarded 
ferromagnetic  losses  appear  to  decrease  rapidly  with  field  strength  on 
the  high  side  of  resonance  and  values  less  than  0.  5  db  were  measured 
for  the  three-inch  sample.  The  usefulness  of  garnet  proved  to  be 
limited  to  frequencies  below  5  Gc.  Therefore,  it  was  apparent  that 
materials  having  larger  saturation  inomen'^s  would  be  required  for 
operation  in  the  desired  frequency  band  (5.  5  to  7,  5  Gc). 
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INSERTION  LOSS  CHARACTERISTICS  OF  YITTRIUM 
AS  A  FUNCTION  OF  THICKNESS,  AT  4Gc. 
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FIG.  5  -INSERTION  LOSS  CHARACTERISTICS  OF  YITTRIUM  IRON  GARNET, 
AS  A  FUNCTION  OF  THICKNESS,  AT  4.5Gc. 


INSERTION  LOSS  CHARACTERISTICS  OF  YITTRIUM  IRON  GARNET, 
AS  A  FUNCTION  OF  THICKNESS.  AT  S.OGc. 


A  magnesium-manganese  ferrite,  Trans -Tech  TTl-390,  with  the 
following  characteristics  was  tested: 

4rM^  =  2150  gauss 

AH  -  540  oersteds 

€  -  13 

r 

tan  6  *  0.  00025 

T  “  320°C 
c 

g  2.  1. 

Ferromagnetic  resonance  occured  at  a  frequency  of  5.5  Gc  and  a  mag¬ 
netic  field  of  1000  oersteds.  The  detrimental  effect  of  a  large  linewidth 
is  demonstrated  in  Figure  7  by  the  existence  of  sustained  high  loss  above 
resonance  (16  db  at  1800  oersteds  in  a  four-inch  sample).  No  further 
tests  were  made  with  this  ferrite. 

The  evaluations  of  TTG-1I3  and  TTl-390  were  oerformed  on 
samples  with  small  rectangular  cross  sections.  Since  TT2-111  ha.r 
both  a  high  saturation  moment  {4TrM  r:  5000  gauss)  and  a  relatively 

S 

narrow  linewidth  (AH  =  135  oersteds),  it  was  decided  to  re-evaluate 
this  material  in  the  thin  slab  configuration.  A  rod  of  TT2-111,  0.4  inch 
in  diameter,  was  tested  and  the  losses  were  prohibitive.  In  a  thin  slab 
geometry,  the  results  are  more  encouraging.  Figures  ^  9,  and  10 

show  the  insertion  loss  characteristics  as  a  function  cx  thickness  for  a 
slab  0.4  inch  wide  and  4.375  inches  long.  Ferromagnetic  resonance 
was  observed  for  the  following  conditions  of  frequency  and  magnetic 
field: 

5.5  Gc  and  410  oersteds 

6.5  Gc  and  730  oersteds 

7.5  Gc  and  1100  oersteds. 

In  Figure  8,  it  is  seen  that  the  insertion  loss  for  the  0.  060  inch  thick 
ferrite  decreases  rapidly  on  the  high  side  of  resonance  and  reaches 
1.2  db  at  1800  oersteds.  It  is  believed  that  upon  the  elimination  of  the 
secona  peak,  such  a  ferromagnetic  resonance  characteristic  would 
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INSERTION  LOSS  FOR  A  MAGNESIUM -MANGANESE  FERRITE.  TRANSTECH  TTI-390 
FOR  TWO  CONFIGURATIONS  AX  6.5  Gc 


INSERTION  LOSS  CHARACTERISTS  OF  A  NICKEL  ZINC  FERRITE 
AS  A  FUNCTION  OF  THICKNESS. AT  5.5 Gc. 


INSERTION  LOSS  CHARACTERISTS  OF  A  NICKEL 
AS  A  FUNCTION  OF  THICKNESS,  AT  6.5  Gc. 


be  acceptable.  It  remaina  to  be  seen  whether  satisfactory  phase  shift 
will  also  be  achiev^ed. 

The  ferrite  slab-iii-waveguide  configuration  shown  in  Figure  10 
typically  gives  poor  phase  shift  characteristics.  However,  if  the 
ferrite  is  positioned  as  shown  in  Figure  11,  considerably  more  activity 
is  observed.  Unfortunately,  the  loss  associated  with  the  activity  in 
Figure  11  is  quite  large.  This  loss  is  still  attributed  to  dimensional 
resonance. 

The  obvious  solution  to  dimensional  resonance  difficulties  is 

to  reduce  the  fer’-ite  size  so  that  the  relevant  dimensions  are  less 

than  a  half  wavelength  inside  the  ferrite.  The  wavelength  inside  the 

1 

ferrite  is  the  free-space  wavelength  reduced  by  where 

typically  the  dielectric  constant,  -  12.5,  and  the  effective  perme¬ 
ability  is  a  function  of  the  magnetic  field.  The  theoretical  values  of 
the  complex  permeability  for  TT2-111  have  been  computed  and  are 
given  in  Figure  12.  If  a  representative  value  of  the  dispersive  com¬ 
ponent,  p'  =  8,  is  chosen;  then  it  is  seen  that  ferrite  dimensions  based 
on  a  10:1  reduction  from  free-space  wavelength  are  needed  to  suppress 
body  resonance.  Experimental  evidence  has  shown  that  reduced  size 
results  in  reduced  activity,  and  this  is  to  be  expected  since  waveguide 
loading  by  the  ferrite  is  also  reduced.  It  is  speculated  that  the  ferrite 
activity  may  be  recovered  by  reducing  the  dimensions  of  the  associated 
waveguide.  The  proportionally  larger  ferrite  then  would  have  a  greater 
effect  in  waveguide  loading.  In  the  work  on  ferrites  with  cubic  structures 
during  the  third  quarter  these  ideas  will  be  explored. 
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LOSS  (db) 


FIG.  12 -THEORETICAL  COMPONENTS  OF  THE  COMPLEX  PERMEABILITY 
FOR  TT2-III  AT  6.5  Gc. 


IV.  EXPERIMENTAL  (FERRITES  V/ITH  HEXAGONAL  CRYSTAL 
STRUCTURES) 

Tentatively,  it  has  been  concluded  that  ferrites  having  cubic 
crystal  structures  would  not  be  suitable  for  X-band  operation  because 
the  required  magnetic  field  is  too  high.  (In  the  event  that  materials 
having  higher  saturation  moments,  4ttM  >  6000,  become  available, 

5 

this  conclusion  should  be  reconsidered.  ) 

An  immediate  solution  to  the  high  field  requirement  is  available 
with  the  use  of  ferrites  having  hexagonal  crystal  structures.  These 
materials  have  high  anisotropy  fields,  and  techniques  for  orienting 
these  fields  during  fabrication  have  been  established.  In  the  large 
class  of  oriented  ferrites  having  hexagonal  crystal  structures,  there 
are  two  basic  families.  The  fundamental  difference  is  that  the  easy 
direction  of  magnetization  may  be  either  the  basal  plane  of  the  crystal 
or  the  hexagonal  axis.  These  are  referred  to  as  planar  or  uniaxial 
ferrites  respectively.  Because  of  the  existence  of  these  directions  of 
easy  magnetization,  large  internal  fields  may  be  achieved  with  relatively 
small  external  fields  when  the  external  field  is  applied  parallel  to  the 
direction  of  the  anisotropy  field.  Through  the  proper  choice  of  materials 
the  bulk  of  the  required  internal  field  can  be  supplied  by  the  anisotropy 
field, 

A  sample  of  an  uniaxial  oriented  ferrite  was  obtained  from  Sperry 
Microwave  Electronics  Company.  This  material,  designated  A- 127,  has 
the  following  characteristics; 

4'n'M^  =  3500  gauss 

AH=  1900  oersteds 

H  =  9500  oersteds 
a 

€  =  14 

r 

tan  6=0,  002 

T  -^450°C 
c 

g  =  1.92. 
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Unfortunately,  the  only  available  shape  for  A- 127  was  an  elliptical 
disc  approximately  1  inch  x  0.6  inch  x  0.  2  inch  thick,  having  the 
direction  of  easy  magnetization  parallel  to  the  minor  axis.  In  the 
reciprocal  phase  shifter,  a  rod  geometry  with  a  longitudinal  magnetic 
field  is  required.  A  test  sample  was  made  by  cutting  segments  from 
the  disc  parallel  to  the  minor  axis  and  gluing  theiii  end  to  end.  The 
result  is  a  rod  with  the  direction  of  ea  y  magnetization  along  its  axis. 

The  photograph.  Figure  13,  clearly  shows  the  man\^  pieces  that  were 
necessary  to  make  this  first  sample. 

In  the  experimental  program  the  object  was  to  determine  a 
ferrite  geometry  (cross-section)  and  position  in  the  waveguide  which 
Would  result  in  an  optimum  figure  of  merit  for  a  phase  shifter.  The 
figure  of  merit  is  a  function  of  the  rod  cross  section,  the  orientation 
and  position  in  the  waveguide,  and  the  proximity  of  operation  to  ferro¬ 
magnetic  resonance.  With  respe_t  to  the  latter  variable,  it  is  important 
to  note  that  resonance  in  A-127  occurs  theoretically  at  31.5  Gc  with  zero 
magnetic  field. 

A  series  of  phase  shift  and  insertion  loss  measurements  was 
made  on  the  test  piece  of  A-127,  using  a  waveguide  bridge  setup.  A 
block  diagram  of  the  instrumentation  is  given  in  Figure  14.  As  a  result 
of  an  observed  hysterisis  effect,  the  measurements  were  made  starting 
^t  the  maximum  available  magnetic  field  to  insure  saturation  of  the  sam^  ^e 
Phase  shift  and  loss  data  were  taken  as  the  field  was  decreased  through 
zero  to  the  maximum  available  field  in  the  opposi’^e  direction.  The  direc¬ 
tion  of  the  field  variation  was  then  reversed,  and  a  second  set  of  meas¬ 
urements  was  made  retracing  the  field  through  the  values  of  the  first 
set.  With  each  set  of  data  the  direction  of  the  field  variation  is  specified 
as  either  iZ  direction,  which  refers  to  the  direction  of  propagation  in  the 
waveguide.  The  direction  of  propagation  with  regard  to  magnetic  satura¬ 
tion  has  no  physical  significance;  it  serves  as  a  reference  only.  Figures  1 
16,  17,  and  18  show  the  results  of  these  measurements,  using  a  ferrite 
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FIG.  13  -  PHOTOGRAPH  OF  THf.  FABRICATED  ROD  OF 
ORIENTED  UNIAXIAL  FERRITE  .  SPERRY,  A-!27 


BLOCK  DiAGRAiVI  OF  BRIDGE  USED  TO  IViEASURE  PHASE  SHIFT 
AND  CHANGE  IN  INSERTION  LOSS. 


SPERRY-AI27 
f  =  9.375  6c 
Ho  =  9.5  KOE 

CROSS  SECTl0N  =  .l60’‘x.250'* 
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FIG.  15  “INSERTION  LOSS  AND  PHASE  SHIFT-CROSS  SECTION  .160  x  .250" - 9.375Gc. 


SPERRY  A-127 

f  =  l2.2Gc 


INSERTION  LOSS  AND  PHASE  SHIFT -CROSS  SECTION 
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3. 5  inches  long  with  a  0.  SiiO  inch  x  0.  160  inrh  cross  section  at  9.  375  Gc, 
10  Gc,  11  Gc,  and  12.2  Gc.  The  curves  indicate  »hat  the  greatest  change 
in  phase  shift  occurs  for  small  changes  in  applied  field  close  to  zero 
internal  field.  The  large  phase  shift  and  high  loss  near  zero  field  are 
due  to  incomplete  magnetic  saturation.  The  application  of  a  small  field 
induces  a  large  H  and,  hence,  a  large  change  m  permeability,  p-p'+jp". 
The  sample  was  positioned  in  the  center  of  the  waveguide  with  its  wide 
dimension  parallel  to  the  broad  wall  of  the  guide.  This  arrangement 
was  found  to  be  best  for  the  range  of  cross  sections  tested.  The  increas¬ 
ing  frequency  has  two  basic  effects  on  phase  shift  and  insertion  loss. 

The  binding,  and  hence  the  interaction,  of  the  electromagnetic  energy 
with  the  sample  is  related  to  the  cross  section  dimensions  and  frequency. 
As  frequency  increases,  more  interaction  takes  place;  and  both  phase 
shift  and  insertion  loss  increase.  Also,  as  frequency  increases,  the 
proximity  to  resonance  increases.  This  results  in  increased  magnetic 
losses  due  to  an  increase  in  the  dissipative  part  {p“)  of  the  complex 
permeability  and  increased  phase  shift  due  to  the  greater  rate  of  change 
(Ap’)  of  the  dispersive  part  of  the  complex  permeability.  Because  the 
two  effects  tend  to  produce  the  same  result,  it  is  difficult  to  determine 
which  effect  is  predominant.  Measurements  made  from  10  Gc  to  12.2  Gc 
showed  that  insertion  loss  and  phase  shift  increase  as  expected.  The 
figure  of  merit  decreased  slightly  over  this  small  frequency  interval. 

This  decrease  is  in  agreement  with  an  analysis  which  was  completed 
after  these  measurements  were  made  (see  Appendix  A  of  this  report). 
From  the  generalized  curves  of  x’  X"  (Figures  A- 1  and  A-2)  theo¬ 
retical  curves  of  p'  and  p"  have  been  constructed  for  the  test  material 
over  this  range  of  frequencies,  and  they  are  shown  in  Figure  19.  The 

All* 

predicted  figure  of  merit  which  is  proportional  to  — ,  is  found  to  de¬ 
crease  as  frequency  increases,  as  is  shown  in  Figure  19.  The  results 
of  the  measurements  at  9.375  Gc,  however,  are  not.  in  agreement  with 
this  trend  since  the  loss  figure  did  not  decrease  from  10  Gc  to  9.375  Gc. 
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APPLIED  FIELD  H,(oer) 


FIG.19  AND /i"  vs  APPLIED  FIELD  FOR  SPERRY  A- 127 


This  behavior  is  not  understood.  In  Figure  iiO,  measured  data  is  given 
for  a  ferrite  cross  section  of  0,  160  inch  x  0,  160  inch  at  12.  2  Gc.  On 
comparing  this  data  with  Figure  18,  one  may  observe  that  the  reduction 
in  cross  section  resulted  in  less  phase  shift  and  lower  loss;  however, 
the  figuie  of  merit  did  not  change  appreciably.  This  indicates  that 
the  activity  has  not  been  altered,  and  hence  the  reduction  in  both  phase 
shift  and  loss  is  due  to  the  weaker  binding.  Measurements  were  per¬ 
formed  with  a  ferrite  cross  section  of  0.  075  ini.h  x  0.  160  inch  at  K-band. 
The  results  are  given  in  Figures  2i  and  22  for  18.55  Gc  and  25  Gc. 

Since  the  generalized  curves  given  in  the  Appendix,  have  not  yet  been 
extended  to  cover  this  region,  a  computation  was  performed  which 
showed  that  the  figure  of  merit  should  decrease  w'ith  increasing  fre¬ 
quency  as  observed.  This  shows  that  the  measured  figure  of  merit 

A  [1  * 

and  the  computed  ratio  of  — ,  which  is  a  measure  of  the  bulk  magnetic 
properties,  behaved  as  expected.  Examination  of  the  individual  values 
of  Ap',  however,  leads  to  the  prediction  of  a  larger  phase  shift  at 
25  Gc.  It  is  felt  that  there  may  be  a  measurement  error  due  to  a  more 
complicated  mode  being  set  up  in  the  K-band  guide  by  the  ferrite.  The 
properties  of  the  postulated  new  mode  might  result  in  less  interaction 
With  the  ferrite;  however,  since  this  also  wo-i3d  reduce  loss  the  figure 
of  merit  should  be  unchanged. 

Further  measurements  were  performed  for  cross  sections  of 

0.  200  inch  x  0  250  inch,  0  160  inch  x  0-  250  inch,  0.  160  inch  x  0,  l60  inch, 

0.  100  inch  x  0  160  inch,  and  0,075  inch  x  0  160  inch;  and  there  was  no 

substantial  increase  in  the  figure  of  merit  as  expected.  At.  magnetic 

fields  far  above  resonance,  generalized  curves  of  x'  3ind  y"  indicate 

that,  p'  does  not  change  very  fast  with  changes  in  material  charac 

teristics  (4tt-M  ,  AH,  and  H  ).  However,  a  "  ,s  affected  by  these 
s  ^  . 

Au* 

characteristics;  thus,  the  figure  of  merit.  -‘7-  .  can  be  improved  by 
choosing  more  favorable  materials.  A  good  figure  of  merit  cannot 
be  achieved  above  resonance  for  the  Sperry  A- 127  material  because 
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F|G.20~INSERTI0N  LOSS  AND  PHASE  SHIFT -CROSS  SECTION  .160  x  .160  -  1 2.2  Gc 


FIG. 20-INSERTION  LOSS  AND  PHASE  SHIFT -CROSS  SECTION  .16 


SPERRY  A-127 
f  =  25.0  Gc 
Ha  =  9.5  KOE 

CROSS  SECTION  =.07E’'x  .160 
LENGTH  :  2.35" 


(QP)-SSOT  NOliyaSNI 


PHASE  SHIFT -CROSS  SECTION 


of  its  large  linewidl^.,  aH  -  1900  oersted:  .  The  greatest  improvement 
in  figure  of  merit  is  achieved  by  a  reduction  in  linewidth.  Using  the 
generalized  curves,  one  ma’^  construct  curves  of  and  p"  versus 
applied  field  for  different  values  of  H  and  AH  as  shown  in  Figures  23 

3l 

through  28.  Fictitious  negative  values  of  H  have  been  allowed  in  order 

o 

to  see  the  resonance  curve  shape.  The  figure  of  merit,  which  was  com¬ 
puted  for  an  applied  field  variation  of  0  to  1000  oersteds  for  the  data  in 
Figures  23,  24,  and  25  shows  no  substantial  change  as  H  changes  from 
11.2  k  oersteds  to  5.  0  K  oersteds  to  3, 5  K  oersteds.  However, 

Figures  26,  27,  and  28  show  that  as  the  linewidth  was  reduced  from 
2000  oersteds  through  100  oersteds,  a  substantial  improvement  was 
realized.  Based  on  the  analysis,  it  is  felt  that  the  uniaxial  anisotropic 
ferrites  would  not  be  well  suited  for  operation  above  resonance  since 
they  are  characterized  by  large  linewidths. 

Planar  anisotropic  ferrites  have  achieved  linewidths  of  the  order 
8  9 

of  150  oersteds.  ’  Using  this  value  of  linewidth,  one  could  determine 

an  optimum  material  for  operation  above  resonance  by  solving  for  the 

Au' 

H  which  gives  the  greatest  — 

3l  p. 

During  the  third  quarter  a  sample  of  planar  material  will  be 
secured  and  measurements  similar  to  those  described  in  this  section 


will  be  conducted. 


HqCkoe) 


FIG.23-/4'  AND  vs  APPLIED  FIELD,  Ha=ll.2KOE 
AND  AH  =  I.9K0E 


FIG.  24  ->i‘  AND  vs  APPLIED  FIELD,  Hq=5.0K0E  AND 
^H  =  2D  KOE 


Ho(KOE) 


FIG  25-^’  AND  vs  APPLIED  FIELD,  Hq^- 5.5  KOE 
AND  Ah  =  I.9K0E 
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FIG.  27 AND  g"  vs  APPLIED  FIELD,  Ho=5.0KOE  AND 
A  H  =.5  KOE 


24 


36 


Ho(KOE) 


F1G.28 AND  vs  APPLIED  FIELD,  Hq  =  5.0  KOE  AND 
A  H  -10  KOE 


V. 


CONCLUSIONS 


The  experimental  investigation  into  the  characteristics  of  ferrite 
rods,  operated  with  longitudinal  magnetic  fields  above  ferromagnetic 
resonance,  has  shown  that  none  of  the  materials  tested  would  be  satis¬ 
factory  for  the  proposed  phase  shifter.  A  theoretical  analysis,  which 
was  carried  out  at  the  same  time,  has  been  applied  to  show  that  the 
phase  shift  and  loss  characteristics  are  what  would  be  expectea-for  the 
materials  tested,  and  that  prohibitively  large  dynam’c  fields  would  be 
needed  to  realize  a  figure  of  merit  of  360  degrees  per  db.  The  analysis 
sets  forth  a  narrow  ferromagnetic  linewidth  as  the  principle  require¬ 
ment  for  a  high  figure  of  merit  with  realistic  ranges  oi  dynamic  mag¬ 
netic  field.  Presently  available  polycrystalline  materials  have  line- 
widths  greater  than  100  oersteds  and  do  not  satisfy  this  requirement; 
however,  expeiiments  at  Trans-Tech  with  copper  doping  of  a  nickel- 
zinc  ferrite  are  expected  to  result  in  polycrystalline  material  with  a 
linewidth  on  the  order  of  50  oersteds.  A  completely  satisfactory  figure 
of  merit  is  not  predicted  for  this  material  but  a  definite  trend  for 
improvement  should  be  demonstrated.  Narrower  linewidths  are 
available  in  single  crystal  ferrites,  and  a  search  for  a  source  of  large 
size  single  crystals  needed  for  the  subject  phase  shifter  is  presently 
being  made. 

A  further  important  material  characteristic  is  a  large  saturation 
moment  to  alleviate  the  need  for  high  magnetic  bias  fields.  Presently 
available  materials  are  Lmited  to  saturation  moments  less  than 
5000  oersteds;  thus,  fields  on  the  order  of  1200  oersteds  are  needed 
for  X-band  operation.  For  smaller  bias  fields,  materials  having  an 
oriented  anisotropy  field  parallel  to  the  applied  field  are  required. 
Unfortunately,  the  linewidth  of  the  uniaxial  ferrites  studied  thus  far 
are  quite  large  and  a  poor  figure  of  merit  was  experienced.  Single 
crystal  planar  ferrites  have  been  grown  with  measured  linewidths  of 
18  oersteds;  however,  at  the  present  state -of-the -ar  ;,  *^he  probability 
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of  early  availability  of  large  single  crystals  of  oriented  ferrites  is  not 
known. 

At  C-band,  materials  with  saturation  moments  greater  than 
3000  oersteds  would  be  satisfactory  with  regard  to  minimizing  the 
bias  field.  Single  crystal  lithium  ferrite  offers  both  narrow  linewidth 
(4  oersteds),  and  high  saturation  moment  (4ttM^  3600).  A  search  for 
a  source  of  large  crystals  of  lithium  ferrite  in  either  single  crystal  or 
a^ggregate  form  is  presently  being  made.  If  the  search  is  successful, 
a  phase  shifter  with  a  satisfactory  figure  of  merit  may  be  realized  for 
C-band  operation. 

The  cross-sectional  dimensions  of  the  ferrite  must  be  decreased 
to  the  point  where  body  resonances  are  suppressed.  It  is  anticipated, 
however,  that  the  waveguide  associated  with  the  ferrite  must  be  reduced 
correspondingly  if  phase  shift  activity  is  to  be  maintained. 

A  second  approach  to  the  suppression  of  body  resonances  is  to 
totally  fill  a  waveguide  structure.  Several  advantages  are  thus 
realized.  First,  the  structure  lends  itself  to  theoretical  analysis  and 
second,  a  practical  consideration,  the  accompanying  reduction  in  wave¬ 
guide  size  lends  itself  to  reduced  drived  coil  inductance  and  hence  to 
reduced  driver  energy. 

It  could  be  pointed  out  here  that  further  considerations  are  being 
given  to  an  ultimate  design  of  the  phase  shifter  with  emphasis  on 
efficient  utilization  of  the  driver  energy.  The  prospect  of  reducing  the 
length  of  the  magnetic  circuit  by  folding  the  RF  strv.cture  is  particularly 
attractive. 

Since  the  survey  of  materials  has  been  extended  to  include  single 
crystal  ferrites,  the  contractor  feels  that  it  is  desirable  to  bring  to 
bear  the  technology  of  solid  state  physics. 
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APPENDIX  A 


An  analysis  was  performed  to  determine  the  most  general  form 

1.  2 

of  the  Complex  susceptibility.  ’  This  included  the  consideration  of 
demagnetizing  factors,  loss,  and  anisotropy  effects.  The  analysis 
follows  the  well  established  form  and  is  intended  to  express  the  dis¬ 
persive  and  dissipative  parts  of  the  susceptibility  as  generalized 
curves  which  will  facilitate  the  study  of  materials  with  varying  charac¬ 
teristics  {4’rrM  ,  H  ,  AH).  In  the  first  approximation,  only  small 
s  ^ 

signal  levels  are  considered. 

The  equation  of  motion  of  the  total  magnetization  M  is  given  by 

•  # 

M  =  v(M  X  H  „)  -  (M  X  M)  .  (A-l) 

eft  ,  ^  . 

IM! 

where  the  last  term  is  the  Landau-Lifshitz  damping  term  to  the  first 
power  ir  the  damping  factor  c.  The  magnetization  and  effective  mag¬ 
netic  fields  are  given  by 


M  =  M  +  m  e-*“^  ,  (A-2) 

and  ° 

K  ,,  V  H.  +  h  e^^^'  ,  (A-3) 

eff  1 

where  m  and  h  are  contributions  due  to  the  applied  RF  field.  Substitute 
Equations  A-2  and  A-3  into  A-l. 


—  [  M  +  m  =  Y  [  (M  +  m  x  (H. 

dt  o  o  1 


+  me-  )x~{M^+me  )]. 


A-l 


Noting  that 


and 


^  M  0, 

at  o 


[M  +  m  e  1  «  M  since  M  >>  m  for  small  signal  levels, 
o  o  o 


Equation  A-4  reduces  to 


^(m  6-’“*)  Y  [(M  +  m  x  (H  -I-  h 
dt  o  1  ■ 


[(M  +  m  X  ~  (m  e-^"*^)]  , 

Mo  dt 

o 


(A.5) 


jwm  =  Y  [(M  X  H. )  +  (M  x  h  e”’'*"')  +  (m  e”*'*’''  x  H. ) 

O  1  o  1 


ju)t 


,  /  J^t  JWt.'l  C  r  ^  .  j  ^  l'*'L 

+  (m  e  X  h  e  )J  -  — —  [  (M  x  i  o  m  e  )  +  (m  e  x  jwm  e  ) J 

M  o 

o 


iwt  ,  -*  icwt. 
*  X  jwr"  ^  ' 

(A-6) 


Neglecting  terms  higher  than  the  first  power  in  the  small  quantities 

m  and  h  and  noting  that  M  x  H,  =  0  since  M  //  H.,  Equation  A-6  reduces 

o  1  o  1  ^ 

to 

jwm  =  V[(M  xh)  +  (mxH.)]  -  —  (M^xm).  (A-7) 

o 

Operate  on  Equation  A-7  with  x  , 

jwm  x  H.  =  y(M  X  h)  X  H.  +  Y(m  x  H,)  x  H.  -  ——  (M  x  m)  x  H.  . 

o 


(A-8) 


This  has  the  form,  (A  x  B)  x  C  =  (C  '  X)  B  -  (C  *  B)  A  , 


jwm  X  H.  =  y(H.  ’  M  )  h  -  h)  M  f  y{H.  •  m)  H.  -  Y(H.  "Him 

llO  XOl  111 


—  [  (H,  *  M  )  m  -  (H.  »  m)  M  ]  . 
M  1  o  1  o 

o 


(A-9) 


A-2 


The  internal  field,  H,,  can  be  written  as  a  sum  of  an  applied  field.  H  ,  an 

1  o 

anisocropy  field,  H  .  and  any  demagnetizing  field,  H  . 

^  Lj 


.  .  H.  --  H  +  H  - 

1  o  a  D 


(A-10) 


Since  one  is  free  to  choose  the  directions  of  the  applied  field  and  the 
RF  field,  define 


H.  =  (H  +  H  -  N  4ir  M  )  k  . 
1  o  a  z  o  * 


(A-ll) 


h  -  (h  -  N  4Tr  m)i+(h  -N  4'fTmij, 

XX  X  y  y  y 


(A-12) 


where  i,  j,  and  k  are  an  orthogonal  set  of  unit  vectors.  M  is  the 

magnetization  due  to  and  m  is  the  magnetization  due  to  h.  Therefore, 

after  saturacion,  M  is  in  the  direc*^ion  of  H., 

o  1 


M  =  M  k, 
o  o  * 

and  is  given  by 


{A-13) 


M  ::  M  k  , 
o  s 


(A-14) 


and 


m  -  m  i  +  m  j  . 

> 


(A-IS) 


In  Equations  A-ll  and  A- 12,  the  demagnetizing  field  has  been 

written  in  terms  of  demagnetizing  coefficients  N  ,  N  and  N  ,  where 

X  y  z 


Hjp  “•  [N]  •  4Tr  M  , 


(A-16) 


which  satisfies  the  requirement  that 


N  f  N  +  N  =  1  . 

X  y  z 


(A-17) 


A- 3 


From  the  construction  of  the  problem,  certain  terms  in  Equation  A-9 
are  aero; 


H. '  h  ^  0 
1 

H.  *  m  =  0  . 

1 

Therefore  Equation  A-9  reduces  to 


jwm  X  H.  =  \(H.  •  M  )  h  -  v(H.  •  ii.)  m  -  ^  (H.  *  M  )  m  .  (A-18) 

1  IS  11  Mis 

s 

Multiply  both  sidei  of  Equation  A-18  by  V  and  equate  vector  components. 

2  2  2 
jwyH.m  =  y  H.M  (h  -  N  4Trm  )  -  y  H.  m  -  jwcyH.m 
ly  isxx  X  ix*^  IX 

-juyH.m  =  y^H.M  (h  -N  4irm  )-  y^H^  m  -  jucyH.m 
IX  isyy  y  ly  ly 

In  Order  to  simplify  Equation  A-19  and  A-20,  define 

y4  M  =  w.  , 
s  M 

vH.  =  w  . 

1  o 

The  damping  factor  a  is  given  by 

1 

“  ■  uiT  ’ 

where  T  is  the  spin-lattice  relaxation  time.  Substitute  these  expressions 
into  Equations  A-19  and  A-20  and  solve  them  simultaneously  for  m^; 


{A-19) 

(A-20) 


u)  2w 

m  [-U  f  j(N  +  N  )  +  (N  +  N  )w  w  +  j  +w  N - —  ] 

x  X  yT  X  yMo  T  oMxy  ^2 


-7 -  [  -juh  +  {‘^w^  ^  J  ' 

4tr  y  My  oTx 


(A-21) 


+  (w  +  'J  <*,  +  )  h  ] 

,  M  y  o  yMT  x 

4Trm  =  - * -  * - ; 

^  [w  +  N  w  +  [w  +  N  uj  +  *^1  -o 

'■  o  X  M  T''  o  y  M  T 


(A-22) 


A- 4 


The  induced  magnetissation  is  related  to  the  applied  RF  magnetic  field 
through  the  susceptibility  tensor,  X, 

m  =  [x]  ■  h  .  (A-23) 

Solving  for  the  :cx  diagonal  component  of  the  susceptibility  tensor  in 
gaussian  units, 


4it  m 

X 

h 

X 

Therefore,  from  liquation  A-22, 


(A-24) 


u  (w  +  N  u  +  1^) 
Mo  y  M  T 


[oj  -tN  I’M 

^  -  X  M  T  ^  X/  n'  J 


{A-25) 


M  T 


Equation  A-25  is  the  most  general  form  of  the  effective  complex 
susceptibility  for  small  signal  levels, 

A  case  of  particular  interest  is  a  rod  m«gnetized  along  its  axis 

lib 

(k  direction).  If  the  rod's  length  is  much  larger  than  its  radius,  the 
demagnetizing  coefficients  are  given  by. 


and 


N  =  0, 
z 

N  =  N  =  I  . 
X  y  2 


Equation  A-25  has  the  form 


U) 


M 

2 


) 

T 


uj  .  2  , 

[  ^  +  4r  ]  - 

o  2  T 


{A-26) 
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Let  u  =  + 

r  o  2 


M 


A-5 


Then  it  follows  that: 


] 

r  i 


-w 


^cx  " 


“M‘‘-r  *  T  > 


?  > 
I  tJ  “  tJ 
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-i-l  fzii 

7  J  T 


(A-27) 


(A-28) 


The  real  and  imaginary  parts  (the  dissipati^'^e  and  dispersive  parts, 
respectively)  of  the  complex  susceptibility  can  be  found  by  rationalization 
of  Equation  A-28! 


^xx  ^xx  ^  ^xx  ' 


(A-29) 


.where 


and 


XX 


/  2  2  I  ,  M  r 

w  w  (w  -  w  -  — ly  )+  2  — -TT— 
Mr  r  ^2  ^2 

/  2  2  1  ,  ^  .  "‘"r 

)  ,4 

T  T 


u 

M  /  2  2  1  . 

— -  (o  +  u  +  —  ) 

9  2 

,2  2  I  ,  .  .“'r 

T  T 


In  terms  of  the  complex  permeability, 

.'  =  1  +  , 


and 


1^"=  x" 

xx 


(A-30) 


(A-31) 


(A-32) 

(A-33) 


A^6 


In  Equations  A- 30  and  A-il.  w  is  given  by 

r 


U  "  ui 

r  o 


•  ■  Y  [  H  t  H  1  Ztt  M  ] 


(A- 34) 


This  contains  the  total,  effect  of  any  anisotropy  field  (in  materials  with 
no  net  cnisotropy;  H  can  be  set  equal  to  zero  in  A -34)  present.  The 

3, 

spin-lattice  relaxation  time  T  is  related  to  the  linewidth  by? 


2  ‘ 


(A^35) 


The  resonant  frequency  can  be  found  by  maximizing  Equation  A-3I. 


2  1  2  ’  - 
(o)  I  — — )  f  2  u;  (w’  T  — —  )  ^  . 

r  r  r  ^2 


(A-36) 


A  general  set  of  curves  for  x'  x  '  be  found  by  normalizing 
Equations  A- 30  and  A- 31  with  respect  to  frequency.* 


M  (,  -2  ,  .2  .  1  . 

T 

T  T 

t  2  2  1  ,  .  ^  r 

(uj  -  w  -  -™)  T  4 — r 
r  ^2 
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(A- 37) 
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(A*  38) 


(A-39) 


The  same  operation  on  Equation  A- 30  for  x'  lesulcs  in 
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r-  ^  ^ 

’B-)  -'1 

7 
r- 

'  /  1  \  ^ 

It)  -(it)  ■ 


(A*^40) 


f  4 
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Curves  of  Equations  A“39  and  A-40  are  given  in  Figures  A-1  and 

“r 

A- 2  for  various  values  of  —  and  wT.  Knowledge  of  the  material 
characteristics  (4TrM  .  H  ,  AH)  would  allow  one  either  to  fix  frequency 

S  2l 

(and  hence  ujT)  and  determine  x'  x"  as  functions  of  applied  field  H  , 

o 

or  to  fix  the  applied  field  (and  hence  w'  )  and  determine  x*  and  x“  as 

r 

functions  of  w.  From  these  generalized  curves  one  can  also  determine 
the  material  characteristics  required  to  achieve  desired  magnitudes 
and  increments  of  x*  and  x"  over  a  specified  range  of  applied  field  for 
a  given  frequency. 

As  an  example  of  a  specific  calculation  consider  a  uniaxial 

anisotropic  material  for  which  AH  •-  2000  oersteds.  4-irM  -=  3500  gauss 

s  * 

g  1.92  and  H  -  5000  oersteds.  Let  the  operating  frequency  be 

^  9 

9.375  Gc,  and  therefore  w-  58.9  *  10  rad/sec.  The  famii  iar  carves 

of  p"  and  p*  versus  applied  field  H  are  given  foi  this  material  in 

o 

Figure  A- 3.  Fictitious  negative  if^lues  of  H  have  been  allowed  in 

o 

order  to  see  the  resonance  shape.  For  the  given  material 
characteristics: 


A-8 


1000  oersteds. 


9 

oj  r-  y4ttM  --  59.2  •  10  rad/sec 

i  ^  ^  16.0  .  10^  rad/sec 

.•.u,T  =  3.485 


u 


.  9956 


s/ 


Consider  as  two  particular  cases,  H 

o 

This  results  in: 


0  and  H  - 
o 


H  0 
o _ 

cj  11.407  •  10^^  rad/sec 

r 

uJ 

—  1.93? 

U) 

and  from  the  generalized  curves, 


K  -•  1000 
_o _ 

13.  097  •  10^° 
2.  224  , 


x" 

0.  165 

HX' 

1.66 

0.  104 
1.54 


rad/sec 
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